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The free-carrier absorption cross-section σ of a magnetic colloid composed of magnetite nanoparticles dispersed in
oil is obtained by using the Z-scan technique in different experimental conditions of the laser beam. We show that
it is possible to obtain σ with picosecond pulsed and millisecond chopped beams with pulse frequencies smaller
than about 30 Hz. For higher pulse frequencies, the heating of the colloidal system triggers the appearance of the
Soret effect. This effect artificially increases the value of σ calculated from the experimental results. The limits of
the different experimental setups are discussed. © 2012 Optical Society of America
OCIS codes: 160.4236, 190.4400, 190.4720, 190.4870, 300.1030.
1. INTRODUCTION
The interaction of electromagnetic radiation with matter is
certainly one of the most interesting phenomena in nature.
Its investigation brings not only information from the funda-
mental point of view, but also from the potential technological
applications.
Nonlinear processes occur when a high-intensity optical
field interacts with matter, giving rise to a response from
the material that is intensity dependent. Each particular pro-
cess, related to the material properties, is characterized by a
time-scale [1,2]. For example, thermal [3,4], molecular reor-
ientation [5], and electronic transitions [2] processes have
typical time-scales of milliseconds, picoseconds, and femtose-
conds, respectively.
An isotropic and centrosymmetric material, with third-
order nonlinearity, illuminated by light of high intensity I, has
its optical index of refraction n and absorption α written as
n  n0  n2I
α  α0  βI; (1)
where n0 and α0 are the linear index of refraction and absorp-
tion, and n2 and β are the nonlinear index of refraction and
absorption, respectively. When the absorption coefficient is
written according to Eq. (1), the physical process considered
is the two-photon absorption (TPA). There are situations
where not only TPA occurs, but other processes also take
place. One of these is the free-carrier absorption (FCA) [6],
where the electrons absorb photons and are excited across
the energy gap, being available, in the sequence, to absorb
other photons. When both processes take place, Eq. (1) for
the absorption is rewritten as
α  α0  βI  σN; (2)
where σ is the FCA cross section, andN denotes the density of
free carriers produced by linear absorption.
In contrast to the bulk material, nanoparticles have their
own optical absorption characteristics, due to the confine-
ment of the atoms in a tiny volume [7,8]. This geometry and
dimension (nanometers) implies that a large fraction of atoms
of the nanoparticle remain at the surface, being available to
interact with the optical radiation field. Moreover, if the nano-
particle is coated with a molecular layer, its linear absorption
spectra and nonlinear optical properties may drastically
change with respect to the bare particle.
Surfacted ferrofluids are natural candidates to present this
kind of behavior. They are magnetic colloids composed of iron
oxide nanoparticles, coated with surfactant agents, dispersed
in a liquid carrier [9]. This confining effect was previously re-
ported in Fe2O3 [8] and CoFe2O4 [4] nanoparticles by measur-
ing the third-order nonlinear refractive index and absorption.
The third-order susceptibility χ3 was shown to be dependent
on the nanoparticle size in the case of the Cobalt particles and,
besides the existence of the TPA, evidence of the FCA was
observed in the experiments with maghemite particles.
Sheik-Bahae and coworkers [10,11] proposed a reliable ex-
perimental setup and theoretical approach to access both the
nonlinear refraction and absorption, namely, the Z-scan (ZS).
The ZS employs a focused laser beam whose propagation di-
rection defines the z-axis. The focal point is defined as the ori-
gin, z  0. The sample is moved around the focal point of the
lens, where the intensity of the beam is higher, and the trans-
mitted light through the sample is recorded by a photodetector.
Two geometries may be used: the limited area detection and
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the total area detection. In the first case, only a small fixed sec-
tion of the transmitted beam is detected by placing an iris in
front of the detector, and is usually namedclosed-aperture con-
figuration. In the second case, the entire transmitted beam is
detected by the photodetector and is named open-aperture
configuration. The ZS technique has been extensively used
to investigate nonlinear properties of different materials
[3–5,12–17]. The Sheik-Bahae formalism (SBF) assumes a local
interaction between the sample and the radiation field, disre-
garding thermal (nonlocal) phenomena, which are considered
in the thermal-lensmodel (TLM) proposed in the 1960s [18–20].
TLM assumes that when a weakly absorbing medium is illumi-
nated by a laser beam, the energy from the light is converted
into heat, which diffuses across the sample. The spatial tem-
perature profile differs from the laser intensity profile; hence
the mechanism is nonlocal. The nonlinearity arises from the
dependence of the refractive indices on temperature. In this
case, the ZS technique may be used to measure the thermo-
optic coefficient and the thermal diffusivity of a sample. An as-
pect that is not explored in the TLM is the effect of an eventual
nonlinear absorption and FCA present in the sample. More-
over, the normalization procedure proposed in [20] to analyze
the data from the light transmittance in a ZS experiment may
lead to the erroneous conclusion that thematerial does not pre-
sent a nonlinear optical absorption.
Another phenomenon that can be present when a colloidal
fluid sample is illuminated by a Gaussian-type laser beam is
the Soret effect [21,22]. When a colloidal suspension is illumi-
nated by a laser beam that imposes a temperature gradient on
it, a concentration gradient of the solute may be formed. This
process reaches an equilibrium state after a characteristic
time (of the order of second, in the case of ferrofluids). This
effect was observed in ferrofluids and analyzed on the basis of
a generalization of the TLM [3]. As this effect also modifies the
sample index of refraction, special care must be taken when a
cw laser is used to investigate electronic properties of colloids
to avoid misleading interpretations.
In a ZS experiment, the characteristics of the laser beam
employed, in particular the pulse width, pulse frequency,
and peak energy, define the physical process that will be in-
vestigated. Special care must be taken in the setup of these
parameters because, depending on them, different processes
may be present in the experiment and the results obtained
may involve the information from all those processes to-
gether. In the literature, the magnitude of β measured in na-
noscale systems varies by orders of magnitude. Recently,
Naranjo and coworkers [23] measured the nonlinear absorp-
tion of InN/InGaN multiple-quantum-well structures with a
100 fs pulse width fiber-laser source with a repetition rate
of 100 MHz, finding β  3650 cm∕GW, being attributed to the
TPA. Fan and coworkers [24] measured β ∼ 70 cm∕GW of Pd
nanoparticles using a Nd:YAG laser with 4 ns full width at half
maximum (FWHM) laser pulse at 532 nm, with a repetition of
2 Hz. Henari and Dakhel [25] measure β ∼ 1010 cm∕GW of gold
nanoparticle-Eu oxide composite thin films using a cw
He─Ne laser with an average power of 20 mW. Torres-Torres
and coworkers [26] investigated Cu nanoparticles in ion-
implanted silica, with two frequency doubled neodymium
doped yttrium aluminum garnet lasers with λ  532 nm and
pulse durations of 7 ns and 26 ps FWHM, and measured β 
−20 cm∕GW and β  −0.02 cm∕GW, respectively.
In this paper we report on the measurements of optical ab-
sorption parameters in a magnetic colloid of coated magnetite
nanoparticles, dispersed in a nonpolar liquid carrier (isopar-
affinic oil), in different experimental conditions of pulse width
(from 17 ms to 280 fs), frequency (from 20 Hz to 10 kHz), and
pulse energy. We discuss the orders of magnitude of the dif-
ferent physical processes involved, from the thermal to the
electronic origin.
2. EXPERIMENTAL
A. Samples
The sample investigated is a commercial (Ferrotec Co.—
EMG911) synthetic isoparaffinic oil-based surfacted ferrofluid
with nanoparticles made of Fe3O4. Their mean diameter is
10 nm. The original samples were diluted to achieve volume
fractions of the magnetic material (ϕ) equal to 0.036% for the
millisecond time-scale experiments, and 0.36% for the femto-
second and picosecond time-scales experiments. The samples
were encapsulated between optical glass plates with dimen-
sions 20 × 10 × 1 mm3, with a Teflon spacer L  50 μm thick,
in a slab geometry. All the measurements were performed at
T  22 °C. The linear absorption coefficient spectrum was
measured by spectrophotometry using a deuterium tungsten
halogen light source (DH-2000-BAL, Mikropack) combined
with a fiber-optic spectrometer (USB4000, Ocean Optics).
B. Setup
We performed the ZS experiments with the open-aperture
configuration, where a lens was positioned before the photo-
detector to collect all the transmitted light.
For the millisecond time-scale, a cw doubled frequency
Nd:YVO4 laser (Verdi V10, Coherent, λ  532 nm) was used.
The spatial profile of the beam perpendicular to its propaga-
tion direction is Gaussian. The light beam was modulated by a
mechanical chopper (model SR540 Optical Chopper, Stanford
Research Systems Inc.) to produce square pulses of width (τ)
from 2 ms (corresponding to f  250 Hz) to 17 ms (corre-
sponding to f  29.4 Hz). The beam waist of the ZS experi-
ment was w0  27.6 μm and the incident power was 1.44 mW.
The focal length of the ZS focusing lens was 8.83 cm.
For the picosecond time-scale experiments, the light source
was a Q-switched and mode-locked Nd:YAG laser (Antares,
Coherent, λ  532 nm), with a beam waist of the ZS experi-
ment of w0  25 μm and pulse width of τ  100 ps FWHM.
The system generates 20 pulse trains per second, and a Pock-
els-cell was used to filter only one pulse per train, achieving in
this way the pulse frequency of 20 Hz. The pulse energy was
3.3 μJ. The spatial profile of the beam perpendicular to its pro-
pagation direction is Gaussian and the focal length of the ZS
focusing lens was 12 cm.
For the femtosecond time-scale experiments we used a
mode-locked Ti:Sapphire laser (Chameleon Ultra II, Coher-
ent), with a output beam of λ  1064 nm and f  80 MHz.
The pulse frequency was reduced to 10 kHz or 3 kHz through
a Pockels-cell-based pulse picker (model 305, Conoptics). The
beam wavelength was reduced from 1064 nm to the used
wavelength of 532 nm, through a second harmonic generator
module (Coherent). The beam waist of the ZS experiment was
w0  15.9 μm and the pulse width was τ  280 fs FWHM. The
pulse energy was 91 pJ. The spatial profile of the beam
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perpendicular to its propagation direction is Gaussian and the
focal length of the ZS focusing lens was 6.29 cm.
At each z position of the sample, 10 measurements of the
transmittance are performed and mean values are obtained to
construct the ZS curves.
3. RESULTS AND DISCUSSION
Figure 1(a) shows the linear absorbance spectra of the ferro-
fluid. To evaluate the band gap Eg of the magnetic colloid we
plot Ef α01∕2 as a function of Ef , where Ef is the incident
photon energy [27], and extrapolate the linear region of the
curve to Ef α01∕2 → 0, as shown in Fig. 1(b). We found
Eg  1.9 eV, which agrees with the value measured for mag-
netite [28]. In the region of the wavelength used in our experi-
ment (λ  532 nm, which corresponds to Ef  2.33 eV) the
sample (volume content of Fe3O4  0.36%) already shows
a linear absorption coefficient of ∼92.3 cm−1. In this condi-
tion, the energy of the photons employed in the experiment
is enough to remove electrons from the valence band and pro-
mote them to the conduction band. Moreover, electrons from
the conduction band may also absorb those photons (FCA).
To verify an eventual effect of the glass sample holder and
the ferrofluid liquid carrier on the absorption results with the
nanoparticles we performed control open-aperture ZS essays
in all the experimental conditions described in the previous
section. We verified that the empty sample holder and the
sample holder filled with the synthetic isoparaffinic oil (liquid
carrier, without the nanoparticles) did not show any measur-
able change in the absorption as a function of the z position.
Let us start with the experiment with τ  100 ps pulses at
the frequency f  20 Hz and pulse energy Ep  3.3 μJ.
Figure 2 shows the open-aperture ZS typical curve. In this ex-
perimental condition (time interval between pulses of 50 ms)
we expect that only electronic processes, mainly FCA, are
taking place in the sample. This is because no thermal effects
are expected to take place. Assuming a simple model [6]
where only the FCA takes place, Eq. (2) is rewritten with β 
0 since TPA is not the main physical process present, and
dI
dz0
 −α0  σNI;
dN
dt
 α0
hν It;
dF
dz0
 −

α0 
σα0
2hνF

F; (3)
where z0 is the coordinate along the sample thickness, h, ν,
and F are the Planck constant, the photon frequency, and the
beam fluence, respectively. In our approximation, the sample
is considered thin, i.e., L is much smaller than the
Rayleigh length (z0) of the experimental setup. From the
set of Eq. (3) we can write the expression for the fluence going
out (Fout) from the sample as a function of the fluence going in
(F in) the sample, as a function of the z position and the radial
distance from the center of the beam as (see Appendix A)
Foutz; r 
F inz; re−α0L
1 α0σ2hνF inz; rLeff
;
where Leff  1 − e−α0L∕α0. The normalized transmittance
Γnz can be written as
Γnz 
ln1 pz
pz ;
pz  α0σ
2hν
F0Leff
1 z2∕z20
; (4)
Fig. 1. (a) Absorbance spectrum of the ferrofluid ϕ  0.36% and
L  50 μm. (b) Plot of Ef α01∕2 as a function of Ef , where Ef is
the incident photon energy and α0 the linear absorption coefficient:
ϕ  0.36%.
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Fig. 2. Open-aperture ZS normalized transmittance as a function of
the z-position of the sample. τ  100 ps, f  20 Hz, Ep  3.3 μJ. The
solid line is a fit with Eq. (4).
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Fig. 3. Fitting parameter σ of Eq. (4) as a function of the time interval
between pulses that, in the case of pulses with time interval
Δt  50 ms, represents the free-carrier absorption cross section of
the magnetic colloid. (open circles) femtosecond pulses; (black dots)
picosecond pulses; (triangles) millisecond pulses.
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where F0 is the on-axis fluence at focus, i.e., z  0 and r  0,
related to the pulse energy (Ep) by F0  2Epπw20. The fit of Eq. (4)
to the experimental results is shown in Fig. 2 and the cross
section obtained from the fit is σ  3.1 0.5 × 10−18 cm2
[Fig. 3]. This order of magnitude agrees with that found in
other similar systems [29] and higher than that reported by
Yu and coworkers for maghemite nanoparticles [8].
At this point we will maintain short pulses, now with
τ  280 fs, and increase their frequency (f  10 kHz and
f  3 kHz). The typical ZS open-aperture curves are similar
to that of Fig. 2. Assuming that the model described before
is applicable to these experimental conditions, the fit of
Eq. (4) to the experimental data provided values of σ ∼
10−14 cm2 that are, at least, 4 orders of magnitude higher than
those expected for the FCA process. Moreover, the higher the
pulse frequency, the greater the σ [Fig. 3]. This result clearly
indicates that other phenomena, besides the FCA, are occur-
ring in the experiment with higher frequency pulses. If not, the
value of σ should be independent of the pulse frequency,
which is not the case.
To explore this result we used a cw laser and a chopper to
produce square pulses of different widths (from 2ms to 17 ms)
and frequencies (from 250 Hz to 29.4 Hz). Figure 4 shows a
typical sequence of pulses detected in the far field, after pas-
sing through the sample (transmittance as a function of time)
in different sample positions. The normalization procedure we
used to build up the ZS transmittance curve Γnz is
Γnz  Γz; t∕Γz → −∞; t, where Γz; t and Γz→ −∞; t
are the transmittances measured at the sample position z,
and far from the focus, respectively. It is interesting to observe
that, with the usual normalization procedure (time-resolved
ZS) [20], which divides the transmittance at the end of the
pulse by the value of the transmittance in the beginning of
the same pulse, there is no absorption valley (the normalized
transmittance as a function of z is a flat curve). However, the
results depicted in Fig. 4 show that the whole pulse height de-
creases as the sample approaches the focus from both sides.
Assuming that the FCA is the process occurring in these ex-
periments we find that σ still depends on the time interval be-
tween pulses, being bigger as the time intervals between
pulses (Δt) decrease [Fig. 3]. To calculate the cross section
with these experimental conditions, we fit Eq. (4) to the ex-
perimental values. This result clearly shows that FCA alone is
not the unique process taking place in the experiments for
Δt≲ 17 ms.
An effect that could be present in these experiments with
time intervals between pulses smaller than ∼17 ms is that
from thermal origin. A phenomenon that is triggered by a ther-
mal gradient in the colloidal sample (as that induced by the
Gaussian beam profile) is the Soret effect [21]. The existence
of a thermal gradient induces a concentration gradient in the
colloidal suspension [3]. To check this hypothesis we perform
an experiment with the sample placed at the beam focus
(z  0), τ  280 fs and pulse frequencies f of 80 Hz, 3 kHz,
and 10 kHz. The transmittance Γz  0; t was measured as
a function of time. Figure 5(a) shows the normalized transmit-
tance [now defined as Γ  Γz  0; t∕Γz  0; t  0] as a
function of time. A decrease of Γ is clearly observed as
the sample illumination time increases for f  10 kHz and
3 kHz, corresponding to time interval between pulses of Δt 
0.10 ms and 0.33 ms. This fact makes the sample effective
absorption increase, having an effect of artificially increasing
the fitting parameter σ of Eq. (4), which, in this case, cannot be
associated to the FCA cross section since the Soret effect is
also present. On the other hand, for Δt⪆13 ms (f  80 Hz)
we see that this decreasing effect of Γ is not verified. The
conclusion of this experiment is that the physical phenomen-
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Fig. 4. Sequence of transmitted pulses at the far field, after passing
through the sample, as a function of time, in different sample posi-
tions. Millisecond time-scale experiment. τ  17 ms.
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Fig. 5. (a) Normalized transmittance with the sample at the focus,
defined as Γ  Γz  0; t∕Γz  0; t  0 as a function of time. τ 
280 fs and pulse frequencies f of 80 Hz (black dots), 3 kHz (squares),
and 10 kHz (open circles). (b) Relaxation of Γ measured with single
pulses of τ  280 fs. Sample initially illuminated with pulses of 3 kHz
(squares) and 10 kHz (open circles).
Table 1. Values of Effective Nonlinear Optical
Absorption (βeff) in Different Experimental
Conditions, Assuming the TPA Phenomenona
τ f βeff (cm∕GW) Ep (nJ) F0 (J∕cm2)
17 ms 29.4 Hz 5.2 × 109 24500 2.05
100 ps 20 Hz 5.2 × 101 3300 3.36 × 10−1
280 fs 10 kHz 2.2 × 103 0.091 2.24 × 10−5
280 fs 3 kHz 5.0 × 102 0.091 2.24 × 10−5
aEp and F0 are the pulse energy and the on-axis fluence at focus, respectively.
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on responsible for the decrease of the transmittance is critical
for Δt < 17 ms. Let us now discuss the possible origin of the
decrease in the transmittance that simulates an increase of σ
in the experimental conditions ofΔt < 17 ms. It is known that
magnetic colloids exhibit both positive and negative values of
the Soret effect [30]. When the Soret coefficient ST is positive
the sample is named thermophobic (the magnetic nanoparti-
cles tend to go away from the hottest region of the sample);
when ST is negative the sample is named thermophilic (the
magnetic nanoparticles tend to concentrate in the hottest re-
gion of the sample). The magnetic colloid used in our experi-
ment is thermophilic [30], i.e., ST < 0. So, when the beam
illuminates the sample, as a function of the time, the nanopar-
ticles tend to accumulate in the shined region of the sample,
increasing the concentration of particles there, and increasing
the optical absorption. This phenomenon has a characteristic
time much larger (s) than the typical thermal (ms) and elec-
tronic times (fs). Figure 5(b) shows the relaxation of the Soret
process in the sample. Initially the magnetic suspension was
illuminated by the incident beam (τ  280 fs, f  10 kHz and
3 kHz) for about 2 minutes, until Γ stabilizes. The magnetic
suspension was, then, left to relax without the incident laser
beam and, from time to time, a single pulse with τ  280 fs is
sent to the sample in order to measure Γ. The result of this
experiment shows that the initial condition is achieved 2 min-
utes after the pulsed incident beam was switched off.
It should be interesting to investigate if one, naively, as-
sumes that what is happening in the experiments described
above is a pure TPA, described by the physics of Eq. (1),
and calculate an effective absorption coefficient βeff . This
can be done by fitting the theoretical expressions derived
by Stryland and Sheik-Bahae [11,29] for the normalized trans-
mittance as a function of z in the ZS open-aperture experi-
ment. Table 1 brings these values of βeff in the different
experimental conditions. We see that βeff varies orders of mag-
nitude, depending on the experimental conditions employed.
In particular, when a cw laser is used, βeff ∼ 109 cm∕GW.
Values of β ∼ 107 cm∕GW were also reported in gold:silica
nanocomposites, obtained with the ZS technique, using a Q-
switched Nd:YAG laser frequency doubled at 532 nm, pulse
duration of 7 ns [31]. The order of magnitude of β encountered
in different materials is, e.g., of the order of 10 cm∕GW, as in
transition metal oxide glasses [32]; in silver nanoparticles em-
bedded in polymer [33]; in a branch of organic and nonorganic
materials [29]. It seems highly improbable to find in iron oxide
nanoparticles these high orders of magnitude for βeff . So, ex-
treme care must be taken to characterize well the physics be-
hind the phenomena present in the experiment to obtain the
correct value of the physical parameter involved.
4. CONCLUSIONS
The free-carrier absorption cross section of the oil-based mag-
netic colloid of magnetite was measured using the ZS techni-
que, giving a value of σ  3.1 0.5 × 10−18 cm2. We show
that, in the particular case of this type of magnetic colloid, this
order of magnitude can be obtained in experiments with both
pulsed (picosecond) and cw chopped (millisecond) laser
beams. In the case of chopped cw laser, the time interval be-
tween the τ  17 ms pulses, with peak energy Ep ∼ 25; 000 nJ,
should be at least Δt  17 ms. In the case of picoseconds
pulsed laser, Ep ∼ 3; 000 nJ, Δt should be at least ∼50 ms.
Femtosecond pulsed laser beams, even with Ep ∼ 0.09 nJ, also
need large values of Δt to avoid the additional thermal trig-
gered Soret effect. In our case, results obtained with pulse se-
quences with Δt⪅15 ms (chopped or fs) are affected by the
Soret effect and the FCA cross section calculated is not that
reliable.
APPENDIX A
In this Appendix we discuss the dependence between the nor-
malized (energy) transmittance Γn and the sample position z.
The normalized transmittance is defined as
Γnz 
Eoutz∕Ein
e−α0L
; (A1)
where Ein Ep is the incident energy on the sample, Eoutz
is the energy transmitted through the sample, and e−α0L is the
linear transmittance.
The irradiance of a radial Gaussian beam pulse is written as
Iz; r; t  I0
w20
w2z exp

−
2r2
w2z −
4 ln 2
τ2 t
2

;
where I0 is the on-axis peak irradiance at focus, r is the radial
distance from the beam axis, w2z  w201 z2∕z20, and
z0  πw20∕λ. The fluence at the sample is given by
F inz; r 
Z ∞
−∞
Iz; r; tdt  F0
w20
w2z e
− 2r
2
w2 z;
where F0 
π
4 ln 2
p
I0τ  2Epπw20 is the on-axis fluence at focus.The energy on the sample is related to the fluence by
Ein 
Z
2π
0
Z ∞
0
F inr; zrdrdθ  F0
πw20
2
: (A2)
To determine Eout, it is necessary to solve Eq. (3) from the
input (z0  0) to the output (z0  L) of the sample, within the
thin-sample approximation (i.e., wz does not change from
z0  0 to z0  L):
Z
Fout
F in
dF
−

α0  σα02hνF

F

Z
L
0
dz0;
1
α0
ln


σα0
2hνFout  α0


σα0
2hνF in  α0
 F in
Fout
  L;
Foutz; r 
F inz; re−α0L
1 α0σ2hνF inz; rLeff
;
where Leff  1 − e−α0L∕α0.
The energy transmitted through the sample is
Eout 
Z
2π
0
Z ∞
0
Foutr; zrdrdθ  F0
πw20
2
e−α0L
ln j1 pzj
pz ;
(A3)
where pz  α0σ2hν F0Leff1z2∕z20.
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The normalized transmittance, using Eqs. (A2) and (A3) in
Eq. (A1), is:
Γnz 
ln j1 pzj
pz : (A4)
Equations from (A1) to (A4) are still valid for a square pulse
with Gaussian radial profile, but now the irradiance is given by
Iz; r; t 
(
I0
w20
w2z exp
h
− 2r
2
w2z
i
if jtj ≤ τ2 ;
0 if jtj > τ2
;
and the on-axis fluence at focus is given by F0  I0τ  2Epπw20. Inthe case of top-hat (spatial) beams, the expressions derived
above do not apply and a different approach is needed [34].
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